The composition of hydroxyapatite (HA) as the ceramic phase and titanium (Ti) as the metallic phase in HA/Ti functionally graded materials (FGMs) shows an excellent combination of high biocompatibility and high mechanical properties in a structure. Because the gradation of these properties is one of the factors that affects the response of the functionally graded (FG) plates, this paper is presented to show the domination of the grading parameter on the displacement and stress distribution of the plates. A threedimensional (3D) thermomechanical model of a 20-node brick quadratic element is used in the simulation of the thermoelastic behaviors of HA/Ti FG plates subjected to constant and functional thermal, mechanical, and thermomechanical loadings. The convergence properties of the present results are examined thoroughly in order to assess the accuracy of the theory applied and to compare them with the established research results. Instead of the grading parameter, this study reveals that the loading field distribution can be another factor that reflects the thermoelastic properties of the HA/Ti FG plates. The FG structure is found to be able to withstand the thermal stresses while preserving the high toughness properties and thus shows its ability to operate at high temperature.
Introduction
The term functionally graded (FG) is used to refer to inhomogeneous advanced composite materials in which the composition percentage of at least two materials is arranged to vary from one surface to another surface in a structure [1] . The properties' gradients produced from the volume fraction variation may be tailored to meet specific needs while providing the best utilization of the composite components. The notion of functionally graded materials (FGMs) was introduced in the early 1990s in Japan as a means of overcoming problems concerning heat-resistant coatings in aerospace applications [2] . The development of the relatively advanced materials was then further extended to other fields of applications, including thermoelectric and piezoelectric devices [3] , biomedical engineering [4] , and nuclear fast breeder and fusion reactors [5] , because of their phenomenological properties. This technology has somewhat mitigated performance issues arising from abrupt transitions between dissimilar materials, namely, sharp interfaces due to adhesion that induces substantial mechanical and thermal stresses [6] . Therefore, the optimal processing technique in which several methods are combined based on the properties of the constituent materials should be implemented [7] . The best combination will preserve the high performance of the fabricated FGMs and, at the same time, reduce production costs.
A key philosophy in selecting the composition for an FGM is that the combination should be composed of the attractive properties of each component. Hydroxyapatite 2 Mathematical Problems in Engineering (HA)/titanium (Ti) FGM is a good example of this, where the excellent biocompatibility property of HA is combined with the good mechanical properties of Ti to eliminate the weakness of both materials. The combination somehow provides a structure superior to either component alone. In this study, the thermoelastic properties of the HA/Ti FG plate are explored by looking at the atomic or microscopic scale of the structure. The response of the plate due to thermal and mechanical loadings is analyzed within the consideration of various grading parameter values. In a microscopic scale, the architecture of the FGMs is contrasted against the surrounding matrix of pure materials. This factor leads to various responses in displacement and stress fields when the materials are imposed on different loading conditions.
The effect of radial and normal loads under thermal excitation on the postbuckling response of a shear deformable FG cylindrical shell has been analyzed using a singular perturbation technique in which a higher shear deformation shell theory was applied. The study concluded that the properties' variation along the thickness direction of the FG shell and the temperature field distribution are the two parameters that affect the postbuckling characteristics and the imperfection sensitivity of the shell [8] . Matsunaga [9] developed a two-dimensional (2D) model using a higherorder deformation theory to analyze the response of FG plates subjected to thermal and mechanical loads. In the computation, equations that consider the effect of normal and transverse shear stress were derived using the power series expansion of the continuous displacement components method. The study revealed that the effect of the properties' variation along the thickness of the FG plate is larger on the response of FG plates subjected to thermal loadings. The effects of thermal and mechanical loads on the response of simply supported rectangular FG plates have been analyzed using a three-dimensional (3D) thermoelastic model based on the Fourier series and state-space methods [10] . The material properties of the FG plates were assumed to vary exponentially along the thickness direction except for the Poisson ratio, which was taken as constant. It is mentioned that the location of the neutral surface is different from that of the middle surface but reflected in the Young modulus variation. The research results in Alibeigloo [10] show that the contribution of the thermal loads on the thermoelastic response of the FG plates is bigger than that of mechanical loads. The effects of thermomechanical loading on the buckling response of FG beams were analyzed by Kiani and Eslami [11] using a derivation of the Timoshenko beam theory. In the analysis, various types of boundary conditions including clamps, simply supported, and roller combination were taken into account to observe the response field distribution. This study revealed that the critical buckling temperature field is greatly affected by the constituent temperature dependency. A local meshless method based on the Petrov-Galerkin approach with moving Kriging interpolation has been used to solve large deformation problems in the geometrically nonlinear thermomechanical analysis of moderately thick FG plates. The study revealed that the thermal conductivity on temperature does affect the stress field analysis on the FG plates [12] . The same local Kriging meshless method has
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been used for mechanical and thermal buckling analyses of FG plates in an extended numerical work. The analyses show the dependency of the FG plates' buckling performances on the volume fraction exponent under thermal and mechanical loadings with different combined essential conditions and loading conditions [13] . The element-free kpRitz method combined with the first-order shear deformation shell theory and von Kármán strains is another approach used for a postbuckling analysis of CNTR-FG (carbon nanotube reinforced functionally graded) cylindrical panels. The influence of volume fraction, length-to-thickness ratio, radius, boundary conditions, and distribution types of CNTs on the postbuckling behavior of the CNTR-FG panels are shown in this study [14] . An extended work on the static and dynamic analyses on the CNTR-FG cylindrical panels revealed that the influencing parameters studied in the earlier paper have significant influences on the flexural strength and free vibration responses of the panels [15] . In this paper, the authors will take a closer look at HA/Ti FGMs and their behavior under different loading conditions. The mechanical, thermal, and coupled thermomechanical behavior of HA/Ti FGMs will be investigated using the finite element method (FEM). The thermomechanical behavior of HA/Ti FGM plates is examined for different loading conditions and different volume fraction indices. The present accomplished results are verified and compared with published works available in the literature. The obtained results are presented in the form of contours, tables, and figures to show the parametric effects such as grading parameter and load response, which can be treated as a benchmark for future and advanced research work. These results are significant from the point of view of developing and designing thermal barrier materials, which are capable of withstanding extreme surface temperature.
Theoretical Formulations
The basic concept of FGMs, which produces the compositional changes in the constituents, is illustrated in Figure 1 [16] . FGMs with high mechanical properties on one side of the structures and with perfect thermal resistance properties on the other side are advantageous for various thermalresistant applications. Several advantages involving the structural strength, energy conversion, and others have been identified using different FGM combinations [17] . The main advantage of FGMs in terms of thermomechanical problems is that the alternately changed properties within their structures act as a suspension of plastic yield point and failure due to thermomechanical loads [18, 19] . The gradation process is the key element to identify the utility of FGMs.
The gradual change of properties in FGMs is caused by a position-dependent chemical composition, the geometric configuration, the pore size distribution, or the physical state arrangement.
A simply supported rectangular FG plate of length , width , and thickness ℎ with a Cartesian coordinate system ( ) having the origin considered in this study is displayed in Figure 2 . The material properties of the structure are assumed to vary in the thickness direction, which is represented by the -coordinate while homogeneous in the other two remaining and directions. The ceramic-rich and metal-rich phases in the FGM are represented by the top location ( = ℎ/2) and the bottom location ( = −ℎ/2), respectively.
The typical material properties ( ) at an arbitrary location within the structural domain are calculated based on the rule of mixture [20] [21] [22] [23] , which is expressed in the following equation:
In the equation, and are the top and the bottom surface material properties, respectively, while is the volume fraction of the top surface material of the FGM plate. The Poisson ratio of each layer is assumed to be constant [24] because the effect of the properties' variation is negligible for a unit of structure. It is noticed that most FGMs are constructed with the ceramic phase at the top surface because metal with its high toughness could be more suitable to support the structure from the bottom side. The location of each composed material should be precisely identified in order to get accurate material properties according to the rule of mixture. The following equation is used for the calculation of the volume fraction of any phase of the composed materials: where is the coordinate at the -direction of the plate and is the grading parameter that dictates the properties' variation. The FGMs will have a homogeneous ceramic ingredient when = 0 and a homogeneous metal ingredient when = ∞. The properties' variation along the thickness direction of the plate is only available when the grading parameter is between these two values. The volume fraction of the composed materials strongly depends on the grading parameter, , as summarized in Figure 3 . This parameter somehow leads to either ceramic or metal phase domination in terms of the volume fraction in the FG structure. The grading parameter = 1 shows the balance or linear mixing ratio between the constituents. The mixing ratio of the composed materials can be interpreted in terms of the percentage according to the following expression:
where and represent the top and the bottom surface material volume fraction, respectively.
In order to determine the stress distribution within the FG plate, it is necessary to analyze the deformation that takes place in any location of the structure. In this study, the HA/Ti FG plate geometry is meshed up using a 20-node brick element to divide the structure into finite elements. The main reason for choosing this element type is that it can analyze curved boundaries using a piecewise-quadratic approximation. The shape functions for the 20-node quadratic element can be expressed as follows:
In these equations, , , and refer to the values of the local coordinates , , and at nodes. refers to the matrix of the shape functions, which can be written as follows:
The polynomials of these coordinates (−1 ≤ , , ≤ 1) are the shape function used for the interpolation of the geometry and displacement field. The isoparametric element of the 20-node brick type in the simulation of this study is shown in Figure 4 . It is indicated that the nodes of this element type are located at the vertices and in the middle of the edges.
For 3D isoparametric elements including the 20-node brick type, the displacement and the geometry field are related by interpolation using the same functions such as the following:
where , , and are point coordinates, whereas , , and are coordinates of nodes:
where , , and are the displacements at points with local coordinates , , and , and , , and are displacement values at nodes.
Because FGMs are commonly used in the application where high temperature gradients are encountered, basic knowledge on the temperature distribution within the structure must be known. The first part of the present simulation is devoted to the phenomenon of thermal conduction, which shows the temperature flow from the higher temperature surface to the lower temperature surface. The relationship between the heat flux vector and the temperature distribution is explained by the Fourier law in the following expression:
where is the heat flux vector, is the temperature, and is the thermal conductivity matrix. As the temperature decreases from the higher temperature surface to the lower temperature surface, the temperature variation is only available on the plane of the FG plate. The and planes show homogeneous temperature because there is no temperature change along these directions. The one-dimensional differential equation governed from the steady-state heat conduction of the FGM without heat source analysis performed in this study can be written as follows:
The temperature gradient along the thickness direction of the FGM plate constructed from the thermal conductivity ( ) values calculated based on the linear rule of mixtures is expressed as follows:
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where and refer to the thermal conductivity of the upper and the lower surfaces of the plate, respectively. It should be noted that, in the case of homogeneous plates, the thermal conductivity does not depend on the thickness. This is why, in the pure metal and ceramic plates, there is only a similar temperature distribution that can be found.
It is obvious that the properties of each layer of the FGM must in some way represent an average of the properties of their individual components. The property averaging of the idealized model of the relatively isotropic nature of HA/Ti FG plates can be illustrated by considering the modulus of elasticity of the composed materials. When the matrix of one of the composed materials is ultimately bonded to another material, the strain of both matrixes will be the same. This iso-strain condition is valid, although the elastic modulus of both materials will tend to be quite different. In other words,
where and represent the strain and the stress, respectively, while is the Young modulus of the material. It is apparent that the load carried by the FG plate, fgm , is the simple sum of loads carried by each component:
where and refer to the load carried by ceramic and metal, respectively. Each load is equal, by definition, to a stress times cross-sectional area, which is fgm fgm = + .
fgm is the area of the FGM plate, is the area of the ceramic, and is the area of the metal. Equally significant for the relative contribution of the ceramic phase to the FGM modulus is the fraction of the total FGM load, fgm , in (13), carried by the axially loaded ceramic. Consider the following:
where refers to the volume fraction of the ceramic phase. In most cases, higher modulus and strength of the ceramic are effectively transmitted to the FGM as a whole. As a result, the ductility of the matrix can produce a substantially less brittle material than the metal by itself. The concept of the thermomechanical analysis is based on the minimum potential energy principle, which states that
where [ ] and [ ] are the element shear stiffness and bending matrices, respectively, while { } and { } are the element mechanical and thermal load vectors, respectively. Each of them can be defined by the following equations:
From the equations, [ ] and [ ] refer to the curvature and shear strain displacement matrices, respectively. and are the shear and bending material Young modulus, is the material matrices, and { } is the mechanical load given on the element. The thermal load vectors, which are represented by , are classified into two terms known as and , which are considered within the element shear stiffness and bending, respectively. The definition of the normal stress ( ) and strain ( ) of the structure is based on the following equations:
Finite Element Modeling
The numerical simulations of thermomechanical problems in FG plates are carried out by using the general-purpose finite element software package ANSYS. The simulations are divided into three parts, where the first part shows the temperature field calculation using a thermal analysis preference. The second part of the simulation demonstrates the structural analysis in which the displacement and the stress fields are calculated, while the last part combines both analyses to a thermal-structural coupled analysis to consider the thermomechanical problems in the FG structures. The typical thermal and mechanical properties of the FGM constituents used to define the material properties for the calculation are listed in Table 1 , where , , , and refer to thermal conductivity, Young modulus, Poisson ratio, and thermal expansion coefficient (CTE), respectively. The model of the FG plate is designed to be in a 3D rectangular shape with eight overlapped layers. Because of the exponentially changed properties along the thickness of the FG plate, different properties calculated using the rule of mixture formulation are defined for each layer. However, because the effect of the variation of the Poisson ratio is negligible, this property is taken as a constant value upon which all the calculations are based on Apalak and Gunes [24] . The model is discretized into 400 elements and 3,003 nodes using a hexagonal mapped mesh function in mesh tool operation. The rectangular FG plate modeled throughout From Figure 6 , the bottom (material number 1) and the top layers (material number 8) have the pure ceramic and metal properties, respectively, whereas the intermediate layers (material numbers 2 to 7) possess the gradually changed material properties from the different stepwise compositions of both the ceramic and the metal materials. Considering the real service condition where the ceramic phase is typically taken as a thermal barrier on the metal-based structural components in various heat-resistant coatings, the top and the bottom surfaces of the FG plate are assigned to be ceramic-and metal-rich layers, respectively. The concept of the thermomechanical analysis can be understood clearly using the illustration given in Figure 7 . It is indicated that, for the thermomechanical problem simulation, the FG plate is subjected to either a constant or a functional mechanical transverse load on the ceramic-rich top surface in addition to a thermal load where the higher temperature is located at the top surface, whereas the lower temperature is located at the bottom.
For the simulation of the temperature field, the thermal conductivity of the plate can be input directly in the material model as thermal parameter. For constant loading, the high temperature of 300 ∘ C is loaded at the top surface of the FG plate as a thermal load while the bottom surface is maintained at 20 ∘ C of room temperature. The functional parameter of the sinusoidal thermal loading is defined as follows:
where is completing as 300 ∘ C, is the coordinate at the -plane, and is the coordinate at the -plane. After finishing the simulation of the temperature field, the element is switched to its corresponding structural element in order to get the structural response of the FGMs. The elastic modulus, Poisson ratio, and the coefficient of thermal expansion are input directly in the material model as structural parameters. The steady-state simulation results of the temperature field are used in the structural response analyses as the thermal loads. The pressure load is applied to the top surface of the FG plate as a mechanical surface load. The function of the sinusoidal mechanical loading is defined as follows:
where is the load intensity given to the FG plate.
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Results and Discussion
Numerical results are presented in this section for simply supported HA/Ti FG rectangular plates with various grading indices. The FEM calculations have been performed by taking into consideration the loading parameters from thermal, mechanical, and coupled thermomechanical loads to observe the effects of different loading conditions on the response of the FG plates. In order to ensure that the requirements for the simulation model have been transferred to the computer model with sufficient accuracy, the first part of this section shows the verification of the FEM calculations through the comparison between the present results and the established research results. The results on the temperature, the displacement, and the stress fields of HA/Ti FG plates subjected to thermal, mechanical, and thermomechanical loadings are given and discussed deeply in the subsequent sections with the intention of using the FGM in thermal barrier applications.
Modeling Verification.
Verification of the FEM model is addressed through three steps. In the early stage of the verification process, the reliability of the steady-state thermal analysis method is confirmed because the present values of temperature distributions in Al/ZrO 2 shown in Figure 8 are highly consistent with those presented in Alshorbagy et al. [29] . It is indicated from the thermal analysis that the homogeneous plates' thermal profiles exhibited higher temperature distribution than those that belong to the FG plates. The dependence of the temperature field on the thermal profile at the surfaces and the corresponding thermal conductivity properties of the constituents exhibit that the grading parameter has a dominant role on the thermal characteristic of the FG plates. The result of the thermal analysis is defined as the thermal loads for thermal-structural coupled analysis in which the calculation of thermal stress is performed. The convergence studies of simply supported Monel/Zirconia FG plates subjected to thermal loads with respect to various mesh and layer numbers are summarized in Tables 2 and 3 , respectively. The results in Table 2 indicate that as the mesh division increases, the FG plates' response properties' values converge at the established research results. Table 2 indicates that the increased layer number leads to better thermal stress relaxation because of the smaller mismatch in material properties of the constituents. The results from the present calculation are in excellent agreement with those reported in Srinivas et al. [30] and Reddy and Cheng [28] . The deflections of the Ni/ZrO 2 FG plates subjected to mechanical loads calculated in the present simulation are shown in Table 4 . The displacement and the stress field results are obtained using structural analysis that considers the typical properties such as the elastic modulus, the CTE, and the Poisson ratio. The simulation method is verified because the present values are highly consistent with that reported in Alshorbagy et al. [29] .
The thermal-structural coupled model that was developed in order to calculate the thermoelastic behaviors of the FG plates subjected to thermomechanical loadings is verified in this section because the present results are in excellent agreement with those presented in Alshorbagy et al. [29] , which are shown in Table 5 . In response to the simulation method verification, the FEM formulation used in this study is considered valid for determining the solutions for thermomechanical problems in FGMs. where , , ℎ, and are referring to the pressure load, plate length, plate thickness, and Young modulus of the bottom surface material, respectively.
Thermoelastic Properties

Deformation by Thermal Loadings.
In the steady-state heat conduction analysis, the HA/Ti FG plate is subjected to a temperature gradient along the thickness where the temperature of the HA top surface is 300 ∘ C and the temperature of the Ti bottom surface is 20 ∘ C. Figure 9 depicts the temperature distribution profile achieved from the FE simulation for the HA/Ti FG plates. It shows the temperature contour for heat conduction from the higher temperature 300 ∘ C surfaces to the lower temperature 20 ∘ C surfaces in FG plates with various grading indices ( = 0, 1, 2, ∞). From the analysis, it is observed that the temperature distribution within the homogeneous plates ( = 0, ∞) is usually larger than those of FG plates ( = 1, 2). The dependence of the temperature profile on the thermal conductivity of the constituents' mismatch, which thus affects the thermal loading, shows the domination of the grading parameter on the thermal field of the HA/Ti FG plates. A comparison between the temperature profile of FG plates subjected to constant loading and that subjected to functional loading shows no significant difference as shown in Figure 10 . The grading number, = 1, is taken as the optimum grading index for HA/Ti FG plates because it leads to the maximum thermal relaxation with the lowest temperature distribution within the FG plate. The temperature profile obtained from the thermal analysis is transferred to the structural analysis as the thermal loading. The deflection of the HA/Ti FG plates with various grading indices under thermal excitation is shown in Figure 11 .
It is indicated that the deflection in FG plates is in intermediate layers between the full ceramic and the full metal plates. The elongation of the FG plates subjected to thermal loading depends on the CTE properties. In this study, it is known that the CTE of HA is higher than that of Ti. As the volume fraction of the ceramic phase increases within the smaller grading index number, the properties of the ceramic will dominate the deformation behavior of the FG plates. The results shown in Figure 11 are in excellent agreement with the theory and thus lead to the conclusion that the grading parameter has a dominant effect on the structural response of the HA/Ti FG plates subjected to thermal loading.
The normal stress field distribution in HA/Ti FG plates induced by the temperature profile shown in Figures 10 and  11 is shown in Figure 12 . The smaller area of maximum normal stress contours for FG plates ( = 1, 2) illustrated in Figure 12 is very advantageous to show the thermal stress relaxation in FGMs. The similar normal stress contour distribution of full ceramic and full metal plates ( = 0, ∞) shows that the variation of thermal conductivity is negligible for homogeneous plates with heat conduction calculation. The nondimensional normal stress distribution along the thickness of HA/Ti FG plates subjected to thermal loading is given in Figure 13 . The maximum tensile stress is located at the Ti bottom surface, while the maximum compressive stress appears at the HA top surface of the FG plates. Both stress components are lower than that of homogeneous plates. The results reveal that grading parameter, , does affect the response of FG plates under thermal loadings. Figure 14 depicts the transverse shear stress field distribution in HA/Ti FG plates with various grading parameters under thermal loadings. The different shear stress contours between homogeneous and FG plates lead to the conclusion that the properties' gradation in FGMs has impressed on the transverse shear stress response of FGMs subjected to thermal loading. The nondimensional transverse shear stress distribution in the middle plane for various grading parameters of HA/Ti FG plates is indicated in Figure 15 .
The shear stress field is significant for the area near the edges of the FG plates because there are shear stress fields observed at this location. The shear stress at the locations away from the surface of the FG plates is similar for various grading parameters, . The difference between the shear stress field distribution of homogeneous and FG plates displayed in Figure 15 shows that the grading parameter does affect the shear stress response of the FG plates under thermal loads.
Deformation by Mechanical Loadings.
In order to calculate the elastostatic behavior of the FG plates with various grading indices, the pressure load that takes place in the interval of {1, 12} is applied to the HA top surface. The structural responses of FG plates subjected to mechanical loads will be shown and discussed in this section. To study the displacement response, the nondimensional central deflection of HA/Ti FG plates with various grading parameters, , subjected to mechanical loadings summarized in Table 6 can be considered.
It is noticed that the nondimensional deflection of FG plates subjected to constant loadings is higher than those subjected to sinusoidal loadings. When subjected to constant loadings, the whole area at the same plane of the plate is imposed to a uniformly distributed load. However, when imposed on sinusoidal loadings, a certain coordinate is imposed on a certain loading magnitude. As a result, the lower deflection is obtained in FG plates subjected to functional loadings. Figure 16 depicts the nondimensional central deflections of the FG plates with various grading parameters induced by the different load intensities. It can be seen that the central deflection,, decreases with the increase in the grading index number, . It is known that the displacement response of a material strongly depends on the elastic moduli of its ingredient. The FG plates with a higher grading index number contain higher ceramic volume fractions. Because the elastic moduli of the HA are lower than that of the Ti, the high toughness property of the metal dominates the elastic properties of the FG plates. The rigidity of FG plates with higher Ti volume fraction will be higher as well. The property averaging of the relatively isotropic nature of HA/Ti FG plates leads to the intermediate deflection between the full ceramic and full metal deflection given in Figure 16 .
The normal stress field in HA/Ti FG plates with various grading parameters is illustrated in Figure 17 . The normal stress induced by mechanical loadings is not significant because there is no variation in the stress contours. However, the differences in normal stress values of homogeneous and FG plates are advantageous to explain the domination of the grading parameter .
Deformation by Thermomechanical Loading.
In this section, the thermomechanical problem with HA/Ti FG plates with various grading parameters, , is considered. For the thermoelastic behavior simulation, the FG plates are imposed on a nondimensional load intensity that is the interval of {1, 12} simultaneously with thermal loadings. The thermoelastic displacement field of HA/Ti FG plates under various load intensity values is illustrated in Figure 18 . It is observed that when subjected to load intensity of = 1 and 2, the maximum deflection contour appears at the location near the surface of the FG plates. However, when the higher load intensity (̄≥ 3) is applied, the maximum deflection contour moves to the center location of the FG plates. These results show that the displacement response of HA/Ti FG plates subjected to thermomechanical loadings differs from those subjected to thermal or mechanical individual loading. The thermal excitation on the pressure-loaded plates leads to either the shrinkage or expansion of the FG plates. The nondimensional central deflections of HA/Ti FG plates with various grading parameters, , under thermomechanical loading are summarized in Table 7 .
The negative values indicated in Table 7 show the difference between the displacement response induced by the mechanical loadings and that induced by the thermomechanical loadings. The property averaging in FG plates leads to the intermediate deflection values given in Table 7 . Figure 19 shows the relationship between the load intensity given on the top surface of the FG plates and the displacement response of the plates. The positive and negative values of deflection given in Table 6 lead to the intersection point shown in Figure 19 .
The variation of normal stress field distribution along the thickness of HA/Ti FG plates with various grading parameters, , is shown in Figure 20 . The maximum compressive stress is located at the HA top surface and increases as the ratio / increases. The maximum tensile stress that is found at the Ti bottom surface of FG plates is lower than that of homogenous plates. Figure 21 displays the normal stress field distribution in FG plates with various grading parameters. The most significant aspect of the contour is that the normal stress distributions of FG plates differ from those in isotropic plates. Nondimensional load intensity Figure 22 depicts the transverse shear stress distribution in HA/Ti FG plates with various grading parameters under thermomechanical loading. The different shear stress contours between homogeneous and FG plates lead to the conclusion that the properties' gradation in FGMs has impression on the transverse shear stress response of FGMs subjected to coupled thermomechanical loadings. The nondimensional transverse shear stress distribution along the thickness and at the middle plane of HA/Ti FG plates with various grading parameters subjected to coupled thermomechanical loading is indicated in Figures 23 and 24 , respectively.
It is obvious that the transverse shear stress distribution in the middle plane is more consistent than that along the thickness of the FG plates. This is why the thickness parameter of the FGM layer is often considered during the design of an FGM structure. In this study, the stepwise built connection type of the FG plate layers leads to significant shear stress distribution, which consists of both negative and positive values. The larger layer number is required in order to minimize the shear stress field in the FG plates.
Conclusion
FEM modeling and analysis of thermomechanical problems of a rectangular HA/Ti FG plate are presented. The effects of different grading indices of constituents on displacement and stress responses of HA/Ti FG plates under thermal, mechanical, and thermomechanical loads have been investigated. From the numerical results obtained, it can be concluded that the present analysis is adequate to observe some relevant fundamental characteristics of temperature profile and stress distributions. Moreover, the following conclusions can be made from the study.
(i) Different loading conditions (thermal, mechanical, or coupled thermomechanical) lead to the different temperature profile, deflection, and stress distribution in HA/Ti FG plates.
(ii) Different values of grading indices show a considerable effect on temperature profile, displacement, and stress fields of HA/Ti FG plates. (iii) The temperature distribution in FG plates is smaller than that of homogeneous plates.
(iv) Deflection in FG plates subjected to sinusoidal loadings is smaller than those subjected to constant loadings.
(v) The properties' gradation leads to the relaxation in thermal and thermomechanical stress in FG plates.
This study revealed that HA/Ti FGM has a potential application in high thermal resistance materials because it can withstand the extreme surface temperature and the thermal stress.
